Comparative experimental studies of fuel sprays evolution dynamics in a constant volume chamber were carried out with a view to reduce the uneven distribution of diesel fuel in the combustion chamber when the Common Rail injector is inclined. The fuel sprays was captured by a high-speed camera with simultaneous recording of control pulses of camera and injector on an oscilloscope. Two eight-hole diesel injectors were investigated: One injector with identical orifice diameter (nozzle 1) and another injector with four orifices of the same diameter as orifices of nozzle 1 and four orifices of enlarged diameters (nozzle 2). Both injectors were tested at rail pressure from 100 to 165 MPa and injector control pulse width of 1.5 ms. The dynamics of changes in the spray penetration length and spray cone angle were determined. It was found that sprays develop differently in nozzle 1 fuel. The difference in the length of fuel sprays is 10-15 mm. As for nozzle 2, the fuel sprays develop more evenly: The difference in length is no more than 3-5 mm. The difference of the measured fuel spray cone angles for nozzle 1 is 0.5 • -1.5 • , and for nozzle 2 is 3.0 • -4.0 • . It is concluded that the differential increase in the diameters of nozzle orifices, the axes of which are maximally deviated from the injector axis, makes it possible to reduce the uneven distribution of fuel in the combustion chamber and improve the combustion process and the diesel performance as a whole.
Introduction
In modern diesel engines, the centrally-mounted fuel injector is often arranged inclined from the axis of the piston bowl, bypassing the valve cover, which facilitates its removal and installation. During injection, the fuel sprays form a "tent" shape and are dispersed symmetrically relative to the cylinder axis ( Figure 1 ). To do this, the nozzle orifices of injector are made at different angles from the injector axis. As a result, the fuel flows out from different orifices under different conditions. The alignment of the fuel-air mixture is provided by its swirl or displacement of the combustion chamber axis in piston. In high power diesel engines with a cylinder diameter larger than 150 mm, an open combustion chamber of the Hesselman type is often used. In this case, the mixture formation is performed without air swirl, and the fuel is distributed unevenly over the combustion chamber. On one side of the combustion chamber where the mixture is richer than that on the other (opposite), combustion runs at higher temperatures and more toxic substances (soot and nitrogen oxides) are formed. In studies of the influence of the nozzle holes geometry on the injection, mixing, and combustion processes, two approaches are mainly used: experimental and numerical. Experiments are performed on test stands with visualization of the injection process in a constant volume chamber and high-speed video shooting [1] [2] [3] [4] [5] [6] . Numerical modeling is performed using CFD (computational fluid dynamic) technologies [7] [8] [9] [10] .
The influence of the nozzle holes geometry on spray penetration, spray cone angle, and spray volume was experimentally investigated [11] [12] [13] . The effect of the cross-section shape of nozzle orifice including round, elliptical, and triangular on the cone angle and fuel spray length was studied at injection pressures from 50 to 160 MPa, the pressure in a constant volume chamber of 1.0-3.0 MPa, and nitrogen gas temperature of 300 K [14] [15] [16] [17] . High-speed video filming was carried out in two planes.
The paper [18] reports an investigation on the transient evolution of diesel flame based upon Schlieren imaging. The study was conducted in a single-hole nozzle with orifice diameter of 82 and 138 μm, when the injection pressure was 50, 100, and 150 MPa, and the oxygen concentration was 0% (non-reacting) and 21% (reacting). In this work, the length and cone angle of the liquid and vapor phases (fuel sprays) were determined.
In constant volume chambers heated up to 600-800 K, the spray penetration length and spray cone angles in liquid and vapor phases were measured with the help of Schlieren visualization [19, 20] . The test injection pressures are selected as: 40, 60, 80, 100, 120, 140, and 160 MPa. A single-hole nozzle (with orifice diameters of 0.26 and 0.3 mm) was installed in injector. The Schlieren visualization was also used to study an eight-hole diesel solenoid injector (with orifice diameters of 0.13, 0.194, and 0.229 mm) [21] . The test injection pressures selected were 500 to 2100 bar and temperature of 600-950 K.
The influence of the geometry of nozzle orifices on the mixture formation and combustion process was studied in a constant volume chamber and the combustion chamber of a multi-cylinder diesel engine [22] [23] [24] .
The analysis of the influence of the nozzle orifices inclination angle on the hydraulic characteristics was carried out. For this, three different 10-hole nozzles with different included angles of 90°, 140°, and 155° and identical nozzle diameter of 0.09 mm were evaluated. Spray penetration length, instantaneous injection rate, and momentum flux at nozzle orifice outlet were measured in a wide range of injection pressures from 23 to 200 MPa [25, 26] .
The spray development of diesel fuel in a constant volume chamber with Common Rail fuel injection system, in which the injector has four nozzle orifices with different diameters from 90 to 150 microns, has been studied [12] . The fuel injector nozzle had four orifices aligned on a radial plane with diameters of 90, 110, 130, and 150 μm. Fuel was injected into a nitrogen environment with room temperature 298 K and densities of 17.5, 24.2, and 32.7 kg/m 3 and during fuel rail-pressures of 1000, 1500, and 2000 bar. The axis of the nozzle orifices had a slight deviation from the injector axis (±10° and ±30°). The length and cone angle of sprays were measured, as well as the deviations of the axes of the sprays from the axes of the orifices. The displacement of the spray axis from the orifice axis was the smallest for the orifice with the largest diameter (0.150 mm); the maximum spray velocities were 150-250 m/s at 0.6-0.7 ms from the start of injection. In studies of the influence of the nozzle holes geometry on the injection, mixing, and combustion processes, two approaches are mainly used: experimental and numerical. Experiments are performed on test stands with visualization of the injection process in a constant volume chamber and high-speed video shooting [1] [2] [3] [4] [5] [6] . Numerical modeling is performed using CFD (computational fluid dynamic) technologies [7] [8] [9] [10] .
The paper [18] reports an investigation on the transient evolution of diesel flame based upon Schlieren imaging. The study was conducted in a single-hole nozzle with orifice diameter of 82 and 138 µm, when the injection pressure was 50, 100, and 150 MPa, and the oxygen concentration was 0% (non-reacting) and 21% (reacting). In this work, the length and cone angle of the liquid and vapor phases (fuel sprays) were determined.
The analysis of the influence of the nozzle orifices inclination angle on the hydraulic characteristics was carried out. For this, three different 10-hole nozzles with different included angles of 90 • , 140 • , and 155 • and identical nozzle diameter of 0.09 mm were evaluated. Spray penetration length, instantaneous injection rate, and momentum flux at nozzle orifice outlet were measured in a wide range of injection pressures from 23 to 200 MPa [25, 26] .
The spray development of diesel fuel in a constant volume chamber with Common Rail fuel injection system, in which the injector has four nozzle orifices with different diameters from 90 to 150 microns, has been studied [12] . The fuel injector nozzle had four orifices aligned on a radial plane with diameters of 90, 110, 130, and 150 µm. Fuel was injected into a nitrogen environment with room temperature 298 K and densities of 17.5, 24.2, and 32.7 kg/m 3 and during fuel rail-pressures of 1000, 1500, and 2000 bar. The axis of the nozzle orifices had a slight deviation from the injector axis (±10 • and ±30 • ). The length and cone angle of sprays were measured, as well as the deviations of the axes of the sprays from the axes of the orifices. The displacement of the spray axis from the orifice axis was Energies 2019, 12, 2643 3 of 18 the smallest for the orifice with the largest diameter (0.150 mm); the maximum spray velocities were 150-250 m/s at 0.6-0.7 ms from the start of injection.
Interesting results were obtained when fuel was injected into a constant volume chamber by using a piezo electric injector: number of nozzle orifices-seven, spray included angle-158 • , outlet diameter-0.152 mm [27] . At fuel pressures of 60 and 150 MPa, high temperatures of 870 and 950 K, and different densities in the chamber of 13.3, 19.0, and 24.6 kg/m 3 , different sprays had different lengths.
It was experimentally established that the geometry of the nozzle orifice with a large diameter (more than 300 µm) has a significant effect on the process of mixture formation and combustion [22] . Nozzle orifices with large inclination angles have a smaller mass flow rate in stationary conditions due to higher input losses.
The cylindrical nozzle orifice with larger diameter, in spite of higher mass flow rate, shows a slower development of the fuel plume when compared to the conical nozzle orifice [6] .
An increase of nozzle orifice diameter can lead to the increase in the Sauter mean diameter of fuel droplet at the initial stage of injection process and the decrease in fuel evaporation [28] . As a result, it is possible to slow down the initial stage of combustion process and reduce the pressure and temperature of combustion in the cylinder of a diesel engine.
Analysis of the publications shows that a large number of different studies have been conducted on the effect of the diameter, shape, and length of nozzle orifice, its angular position relative to the diesel injector axis, and much more on the fuel spray characteristics. However, applying the results described above in high power diesel engines with a cylinder diameter larger than 150 mm and an axisymmetric Hesselman-type combustion chamber is problematic due to their design features.
The present work is concerned with experimental studies and visualization of the processes of fuel injection, air-fuel formation, and fuel spray evolution in a constant volume chamber with the aim of reducing the uneven distribution of diesel fuel in the combustion chamber for diesel engine with inclined injector.
Materials and Methods
Initially it was assumed that when a Common Rail fuel injection system with inclined injector is used, there may be differences in the fuel supply between the injection orifices. The object of the experimental studies was diesel fuel injectors with electromagnetic control (solenoid diesel injector) ( Figure 1 ). They are designed to work with a Common Rail fuel injection system for industrial diesel engines with a cylinder diameter larger than 150 mm. Fuel injection begins when a current is applied to the solenoid valve of injector ( Figure 2 ). The current transducer LTS 25-NP was used to write the control pulse current of the solenoid injector. It has a primary nominal current rms of 25 A and a current scale of 0.04 A/mV. The magnitude of current for solenoid valve of injector is determined by multiplication of the output voltage of current transducer LTS 25-NP and the current scale. Interesting results were obtained when fuel was injected into a constant volume chamber by using a piezo electric injector: number of nozzle orifices-seven, spray included angle-158°, outlet diameter-0.152 mm [27] . At fuel pressures of 60 and 150 MPa, high temperatures of 870 and 950 K, and different densities in the chamber of 13.3, 19.0, and 24.6 kg/m 3 , different sprays had different lengths.
It was experimentally established that the geometry of the nozzle orifice with a large diameter (more than 300 μm) has a significant effect on the process of mixture formation and combustion [22] . Nozzle orifices with large inclination angles have a smaller mass flow rate in stationary conditions due to higher input losses.
Initially it was assumed that when a Common Rail fuel injection system with inclined injector is used, there may be differences in the fuel supply between the injection orifices. The object of the experimental studies was diesel fuel injectors with electromagnetic control (solenoid diesel injector) ( Figure 1 ). They are designed to work with a Common Rail fuel injection system for industrial diesel engines with a cylinder diameter larger than 150 mm. Fuel injection begins when a current is applied to the solenoid valve of injector ( Figure 2 ). The current transducer LTS 25-NP was used to write the control pulse current of the solenoid injector. It has a primary nominal current rms of 25 A and a current scale of 0.04 A/mV. The magnitude of current for solenoid valve of injector is determined by multiplication of the output voltage of current transducer LTS 25-NP and the current scale. Injector parameters: Nozzle type-hole-type, multi-orifice nozzle; the number of nozzle orifice-8 ( Figure 3 ); orifice included angle or "tent" shape angle δ-130 • ; the angles between nozzle orifices in the radial plane were uniform; the inclination angle the orifice symmetrical distribution axis to the injector axis (the injector inclination angle) was 35 • . Injector parameters: Nozzle type-hole-type, multi-orifice nozzle; the number of nozzle orifice-8 ( Figure 3 ); orifice included angle or "tent" shape angle δ-130°; the angles between nozzle orifices in the radial plane were uniform; the inclination angle the orifice symmetrical distribution axis to the injector axis (the injector inclination angle) was 35°. Two injectors with different nozzles were tested. Photos of the investigated nozzles are shown in Figure 4 . The diameters of nozzle orifices are shown in Table 1 . The South Ural State University has developed and manufactured a test stand with a constant volume chamber and high-speed video camera [29] . It is intended for a comprehensive study of the process of fuel spray formation and the fuel distribution in combustion chamber for diesel engines of Two injectors with different nozzles were tested. Photos of the investigated nozzles are shown in Figure 4 . The diameters of nozzle orifices are shown in Table 1 . Injector parameters: Nozzle type-hole-type, multi-orifice nozzle; the number of nozzle orifice-8 ( Figure 3 ); orifice included angle or "tent" shape angle δ-130°; the angles between nozzle orifices in the radial plane were uniform; the inclination angle the orifice symmetrical distribution axis to the injector axis (the injector inclination angle) was 35°. Two injectors with different nozzles were tested. Photos of the investigated nozzles are shown in Figure 4 . The diameters of nozzle orifices are shown in Table 1 . The South Ural State University has developed and manufactured a test stand with a constant volume chamber and high-speed video camera [29] . It is intended for a comprehensive study of the process of fuel spray formation and the fuel distribution in combustion chamber for diesel engines of process of fuel spray formation and the fuel distribution in combustion chamber for diesel engines of various capacities. This stand is designed taking into account world experience in the field of modeling [30] [31] [32] and conducting experimental studies with visualization of the processes of injection, atomization, and mixture formation [2, 33] .
Schematic of the experimental setup is shown in Figure 5 . It has the following systems: Common Rail fuel injection system, air supply from a compressed air bottle, constant volume chamber, pressure and temperature measurements of the air/fuel mixture, control unit of stand equipment, control signal recording system, and high-speed camera.
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The test stand management system includes a personal computer (PC), a synchronization controller, and an electronic control unit ( Figure 7) . A special program provides control and synchronization of pulses to control an electromagnetic injector, a Photron FASTCAM SA-X2 speed video camera, and a Tektronix TDS-2014C 4-channel digital color oscilloscope. The test stand management system includes a personal computer (PC), a synchronization controller, and an electronic control unit ( Figure 7) . A special program provides control and synchronization of pulses to control an electromagnetic injector, a Photron FASTCAM SA-X2 speed video camera, and a Tektronix TDS-2014C 4-channel digital color oscilloscope. Figure 7 . Photograph of the experimental setup for studying injection and mixing processes in a constant volume chamber with high-speed camera: 1-Electronic control unit; 2-controller-synchronizer; 3-personal computer; 4-oscilloscope; 5-high-speed camera; 6-constant volume chamber with LED lights; 7-stand for testing fuel equipment of Common Rail type.
Experimental Research Methodology.
In the course of experimental studies, comparative tests of electromagnetic injectors with nozzles 1 and 2 were carried out ( Figure 4 and Table 1 ). At the same time, the delay duration of the actual beginning and the actual end of fuel injection, the dynamics of changes in the fuel spray penetration, the fuel spray cone angles, and the magnitude of the cyclic fuel supply at different rail pressures were determined.
The duration of injector control pulse was set to 1.5 ms. The initial rail pressure was set at 100, 130, and 165 MPa. The air pressure in the constant volume chamber was maintained at 3.0 MPa at a temperature of about 20 °C.
The real time moments of the beginning and end of fuel injection by the electromagnetic injector were determined by the photographic results from the FASTCAM SA-X2 video camera and were counted from its beginning. Time control was carried out by recording control pulses on a Tektronix TDS-2014C digital oscilloscope ( Figure 2 ). The camera operated at 10,000 frames per second, producing images every 0.1 ms during the injection event. The results were saved in photo format.
In all the photographs, the penetration length for each spray was determined as the maximum distance from the nozzle orifice exit to the spray tip after 0.1 ms. Auxiliary circles, which are applied to the frontal window inside chamber along the radius by steps of 10 mm from the center of nozzle tip, were used as rulers ( Figure 8 ). The spray cone angles were measured by using special templates with marked angles (18°, 22°, 26°, and 30°) ( Figure 8 ). Angles were measured from photographs taken when the sprays reached the chamber wall.
The diesel fuel mass delivery per cycle was determined by the volumetric method according to the amount of fuel supplied through an electromagnetic injector for 30 cycles. This fuel was drained from a constant volume chamber into a special measuring container. 
The duration of injector control pulse was set to 1.5 ms. The initial rail pressure was set at 100, 130, and 165 MPa. The air pressure in the constant volume chamber was maintained at 3.0 MPa at a temperature of about 20 • C.
In all the photographs, the penetration length for each spray was determined as the maximum distance from the nozzle orifice exit to the spray tip after 0.1 ms. Auxiliary circles, which are applied to the frontal window inside chamber along the radius by steps of 10 mm from the center of nozzle tip, were used as rulers ( Figure 8 ). The spray cone angles were measured by using special templates with marked angles (18 • , 22 • , 26 • , and 30 • ) ( Figure 8 ). Angles were measured from photographs taken when the sprays reached the chamber wall.
Results
During the tests, in each experiment, a high-speed video was taken for 5.0 ms and 50 frames were recorded. Thus, for the nozzles 1 and 2, in all the studied modes, the photo of fuel sprays in the corresponding developmental stage was taken every 0.1 ms. Fuel sprays appeared in 0.3-0.4 ms after the start of the electric control pulse of the electromagnetic injector, that is, third or fourth photos [34] . The length of the fuel sprays on each of the next photo increased by 2-5 mm. The outflow of fuel from the nozzle orifices continued for 1.0 ms after the termination of the control pulse. The actual duration of fuel injection was 2.1-2.2 ms for a given control pulse duration of 1.5 ms. Figure A1 shows photographs of fuel sprays for nozzles 1 and 2 at a rail pressure of 100 MPa after 1.0, 1.5, and 1.8 ms from the beginning of the injection of the injector control pulse. Fuel sprays are clearly visible in the initial stage of formation, then in the middle stage of development, and immediately after the end of the control pulse.
A similar selection of photo fuel sprays for nozzles 1 and 2 is shown in Figure A2 with a rail pressure of 130 MPa. It also shows the photos in the initial stage of injection, after 1.5 and 1.8 ms from the beginning. Figure A3 shows the photo of fuel sprays at the same time points for both injectors at a rail pressure of 165 MPa. In the last photo, fuel sprays 4 and 5 reach the walls of the constant volume chamber.
In all photos, after 1.8 ms from the beginning of the control pulse the fuel continues to flow through the nozzle orifices.
The Results of Measuring the Length of Fuel Sprays.
The results of the experiments show that for the nozzle 1, the sprays from holes 4 and 5 have the greatest length. The axes of these spray holes are inclined from the axis of the nozzle by an angle of about 30°. While the shortest fuel sprays lie in holes 1 and 8, the axes of which are inclined from the axis of the nozzle by an angle of about 100°.
Using numerical tabular values, diagrams of the change in the length of fuel sprays numbered 1, 8 and 4, 5 for nozzle 1 and 2 were plotted (Figures 9-11 ). When the rail pressure was 100 MPa (Figure 9 ) for the nozzle 1, the fuel sprays 4 and 5 at the time of 1.0 ms from the beginning of the 
Results
The Results of Measuring the Length of Fuel Sprays.
The results of the experiments show that for the nozzle 1, the sprays from holes 4 and 5 have the greatest length. The axes of these spray holes are inclined from the axis of the nozzle by an angle of about 30 • . While the shortest fuel sprays lie in holes 1 and 8, the axes of which are inclined from the axis of the nozzle by an angle of about 100 • .
Using numerical tabular values, diagrams of the change in the length of fuel sprays numbered 1, 8 and 4, 5 for nozzle 1 and 2 were plotted (Figures 9-11 ). When the rail pressure was 100 MPa (Figure 9) Energies 2019, 12, 2643 8 of 18 for the nozzle 1, the fuel sprays 4 and 5 at the time of 1.0 ms from the beginning of the control pulse had a length of 30 and 26 mm, which were almost two times longer than the other sprays (15-20 mm). This length difference of sprays in 10 mm was maintained throughout the injection until sprays arrived at the wall of the chamber. This is clearly seen in Figure 9a . At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 25 mm, which exceeded the remaining sprays by an average of 5 mm. By the time 1.8 ms, the difference in length was leveled (Figure 9b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in 2-2.2 ms, and the sprays 1 and 8 fell behind by 0.3-0.5 ms. For nozzle 2, the fuel sprays 4 and 5 reached the chamber walls in 2.5-2.7 ms, and the sprays 1 and 8-earlier by 0.4-0.5 ms.
Energies 2019, 12, x FOR PEER REVIEW 8 of 18 control pulse had a length of 30 and 26 mm, which were almost two times longer than the other sprays (15-20 mm). This length difference of sprays in 10 mm was maintained throughout the injection until sprays arrived at the wall of the chamber. This is clearly seen in Figure 9a . At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 25 mm, which exceeded the remaining sprays by an average of 5 mm. By the time 1.8 ms, the difference in length was leveled (Figure 9b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in 2-2.2 ms, and the sprays 1 and 8 fell behind by 0.3-0.5 ms. For nozzle 2, the fuel sprays 4 and 5 reached the chamber walls in 2.5-2.7 ms, and the sprays 1 and 8-earlier by 0.4-0.5 ms.
(a) (b) control pulse had a length of 30 and 26 mm, which were almost two times longer than the other sprays (15-20 mm). This length difference of sprays in 10 mm was maintained throughout the injection until sprays arrived at the wall of the chamber. This is clearly seen in Figure 9a . At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 25 mm, which exceeded the remaining sprays by an average of 5 mm. By the time 1.8 ms, the difference in length was leveled (Figure 9b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in 2-2.2 ms, and the sprays 1 and 8 fell behind by 0.3-0.5 ms. For nozzle 2, the fuel sprays 4 and 5 reached the chamber walls in 2.5-2.7 ms, and the sprays 1 and 8-earlier by 0.4-0.5 ms.
(a) (b) With a rail pressure of 130 MPa, the overall picture of the development of sprays is preserved ( Figure A2 ). At the nozzle 1, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 35 mm, and the remaining sprays were 22 to 26 mm. The length difference exceeded 10 mm and persisted throughout the injection (Figure 10a ). At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 30 mm, which was 3 to 5 mm longer than the other sprays. By the time of 1.8 ms, the length difference decreased to 2-3 mm (Figure 10b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in ~2 ms, and the sprays 1 and 8 were 0.1-0.3 ms behind ( Figure 10 ). For nozzle 2, all fuel plumes reached the chamber wall in 2.2-2.3 ms.
With a fuel pressure of 165 MPa ( Figure A3 ) for the nozzle 1, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of 35 and 44 mm, and the remaining sprays were 26-28 mm. The length difference reached 15 mm and persisted throughout the injection (Figure 11a ). At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 35-38 mm, which was 3 to 5 mm longer than the remaining sprays. By the time 1.8 ms, the length difference reduced to 2-3 mm (Figure 11b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in 1.7-1.8 ms, and the sprays 1 and 8 fell behind by 0.3-0.5 ms. For the nozzle 2, the fuel sprays 4 and 5 reached the chamber walls in 1.8-1.9 ms, and the sprays 1 and 8 fell behind by ~0.2 ms.
The Results of Measuring the Cone Angles of Fuel Sprays.
In the photographs (Figures A1-A3) , the visible contours of the fuel sprays had irregularities, significant curvatures, and differ significantly in shape from the geometric cone. This is caused by turbulent flows at the interface of the fuel spray with compressed air. However, in the first approximation, the shape of the spray of the atomized fuel is generally presented in the form of a cone. Therefore, the determination of the angle of the cone of the fuel sprays was carried out along the midline of the outer surface without fluctuations. The measured angles of the cones of the fuel sprays at rail pressures of 100, 130, and 165 MPa for each spray were entered in the table.
The results in Tables 2 and 3 show that with increasing rail pressure from 100 to 165 MPa, the cone angles of fuel sprays of the nozzle 1 decrease from 20-22° to 18-18.5°, an average of 13.6%. The cone angles of fuel sprays of the nozzle 2 are reduced from 20-24° to [19] [20] [21] [22] .5°, an average of 5.7%. With a rail pressure of 130 MPa, the overall picture of the development of sprays is preserved ( Figure A2 ). At the nozzle 1, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 35 mm, and the remaining sprays were 22 to 26 mm. The length difference exceeded 10 mm and persisted throughout the injection (Figure 10a ). At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 30 mm, which was 3 to 5 mm longer than the other sprays. By the time of 1.8 ms, the length difference decreased to 2-3 mm (Figure 10b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in~2 ms, and the sprays 1 and 8 were 0.1-0.3 ms behind ( Figure 10 ). For nozzle 2, all fuel plumes reached the chamber wall in 2.2-2.3 ms.
With a fuel pressure of 165 MPa ( Figure A3 ) for the nozzle 1, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of 35 and 44 mm, and the remaining sprays were 26-28 mm. The length difference reached 15 mm and persisted throughout the injection (Figure 11a ). At nozzle 2, the fuel sprays 4 and 5 at a time of 1.0 ms from the beginning of the control pulse had a length of about 35-38 mm, which was 3 to 5 mm longer than the remaining sprays. By the time 1.8 ms, the length difference reduced to 2-3 mm (Figure 11b ). For the nozzle 1, the fuel sprays 4 and 5 reached the chamber walls in 1.7-1.8 ms, and the sprays 1 and 8 fell behind by 0.3-0.5 ms. For the nozzle 2, the fuel sprays 4 and 5 reached the chamber walls in 1.8-1.9 ms, and the sprays 1 and 8 fell behind by~0.2 ms.
The results in Tables 2 and 3 show that with increasing rail pressure from 100 to 165 MPa, the cone angles of fuel sprays of the nozzle 1 decrease from 20-22 • to 18-18.5 • , an average of 13.6%. The cone angles of fuel sprays of the nozzle 2 are reduced from 20-24 • to 19-22.5 • , an average of 5.7%. The measured volumes of the fuel collected by measured fuel capacities at rail pressures of 100, 130, and 165 MPa for each nozzle were entered in Table 4 . From the obtained values, the calculation determined the cyclic fuel supply for one injection for each nozzle (Table 5 ). According to Table 5 , diagrams of changes in the volumetric cycle fuel supply for nozzles 1 and 2 at different rail pressure (Figure 12 ) are plotted. 
The Results of Measurement of the Cyclic Fuel Supply by the Electromagnetic Injector of Common Rail type with Nozzles 1 and 2.
The measured volumes of the fuel collected by measured fuel capacities at rail pressures of 100, 130, and 165 MPa for each nozzle were entered in Table 4 . From the obtained values, the calculation determined the cyclic fuel supply for one injection for each nozzle (Table 5 ). According to Table 5 , diagrams of changes in the volumetric cycle fuel supply for nozzles 1 and 2 at different rail pressure (Figure 12 ) are plotted. The results given in Table 5 and in Figure 12 show that with an increase of rail pressure from 100 to 165 MPa, the volumetric cycle fuel supply using the nozzle 1 increases by 31%, for the nozzle 2-by 38.4%.
Discussion
The obtained photographs of the fuel sprays injected by the obliquely installed Common Rail injector showed that the fuel sprays for eight holes of nozzle all develop differently. This is caused both by the different position of the spray holes to the injector axis (Figures 1 and 3) and by the different diameters of the spray holes ( Table 1 ). The influence of the position of the spray holes is significant on the reference of results obtained from the nozzle 1. In Figure A1a The effect of the diameter of the spray holes is observed in the results obtained from the nozzle 2. In Figure A1b , A2b, and A3b the fuel sprays 4 and 5 only slightly (by 2-3 mm) exceed the length of the others. In the same place, the fuel sprays 1 and 8 in some cases exceed the length of the sprays 3 and 6. Thus, increasing diameters of the nozzle orifices 1, 2, 7, and 8 (Table 1) reduces the development differences between fuel sprays. That is, an increase in the diameters of the spray orifices made a compensation for the deviation of the flow of fuel in them from the axis of the nozzle.
Diagrams of the change in the average length of the fuel sprays for nozzles 1 and 2 at rail pressures of 100, 130, and 165 MPa (Figure 13 ) are shown below. The average sprays development rates were determined and evaluated by using these data. The results given in Table 5 and in Figure 12 show that with an increase of rail pressure from 100 to 165 MPa, the volumetric cycle fuel supply using the nozzle 1 increases by 31%, for the nozzle 2-by 38.4%.
The obtained photographs of the fuel sprays injected by the obliquely installed Common Rail injector showed that the fuel sprays for eight holes of nozzle all develop differently. This is caused both by the different position of the spray holes to the injector axis (Figures 1 and 3) and by the different diameters of the spray holes ( Table 1 ). The influence of the position of the spray holes is significant on the reference of results obtained from the nozzle 1. In Figures A1a, A2a , and A3a it is clear that all the fuel sprays 4 and 5 are the longest, and the fuel sprays 1 and 8 are the shortest. With an equal diameter of the spray holes, this is explained only by the different dynamics of the movement of fuel in the tip of the nozzle. The direction of fuel movement in the spray holes 4 and 5 has a slight deviation from the general direction of movement in the nozzle (about 30°). And the direction of movement in holes 1 and 8 turns 100° from the general direction, almost in the opposite direction. The nature of the movement in the remaining spray holes is determined by their intermediate position, and the differences in the development of their fuel sprays are not significant.
The effect of the diameter of the spray holes is observed in the results obtained from the nozzle 2. In Figures A1b, A2b , and A3b the fuel sprays 4 and 5 only slightly (by 2-3 mm) exceed the length of the others. In the same place, the fuel sprays 1 and 8 in some cases exceed the length of the sprays 3 and 6. Thus, increasing diameters of the nozzle orifices 1, 2, 7, and 8 (Table 1) reduces the development differences between fuel sprays. That is, an increase in the diameters of the spray orifices made a compensation for the deviation of the flow of fuel in them from the axis of the nozzle.
Diagrams of the change in the average length of the fuel sprays for nozzles 1 and 2 at rail pressures of 100, 130, and 165 MPa (Figure 13 ) are shown below. The average sprays development rates were determined and evaluated by using these data. The length of the fuel sprays increases faster at the initial injection site within 1.0 ms. The estimated change rate of the average length of the fuel sprays is from 35 (at 100 MPa) to 50 m/s (at 165 MPa) [34] , then it decreases to 31 and 38 m/s, respectively. As a result, the spray length reaches 60 mm after 2.4-2.5, ~2.1, and ~1.7 ms from the beginning of control pulse depending on the injection pressure. The length of the fuel sprays increases faster at the initial injection site within 1.0 ms. The estimated change rate of the average length of the fuel sprays is from 35 (at 100 MPa) to 50 m/s (at 165 MPa) [34] , then it decreases to 31 and 38 m/s, respectively. As a result, the spray length reaches 60 mm after 2.4-2.5,~2.1, and~1.7 ms from the beginning of control pulse depending on the injection pressure.
With an injection pressure of 100 MPa (Figure 13a ), the average development rate of the fuel sprays of the nozzle 2 is about 31 m/s, which is less than nozzle 1 (about 34 m/s). But the lengths of all sprays differ slightly ( Figure A1b ). That is, the fuel is more evenly distributed in the combustion chamber. In this case, the rate of mixing is somewhat less. However, the lag in the development of fuel sprays is only about 0.1 ms. With an injection pressure of 130 MPa, the average development rate of the fuel sprays of the nozzle 2 increases to~35 m/s (i.e., by 4 m/s). In nozzle 1, this rate also increases by a smaller value of~2 m/s, and is about 36 m/s. The lag in the development of fuel sprays in the nozzle 2 is less than 0.1 ms. When the injection pressure is 165 MPa, the average development rate of the fuel sprays of the nozzle 2 increases even more-by 5 m/s and reaches about 40 m/s, and in nozzle 1, this rate increases by a smaller value-4 m/s. As a result, the average rate of fuel spray development are equalized in size and are about 40 m/s. This provides almost the same dynamics of their development.
The different positions of the spray orifices with respect to the injector axis and their diameter are also reflected in the measuring results of fuel spray cone angle. With a rail pressure of 100 MPa at the nozzle 1 ( Table 2) with equal orifice diameters, the values of the measured fuel spray cone angles differ by 1.5 • . At rail pressures of 130 and 165 MPa, the angle difference is 1.5 • and 0.5 • . As a rule, large-angle fuel sprays are injected from nozzle orifices 1, 2 and 7, 8. They also have the smallest lengths. For nozzle 2 ( Table 3 ) with different orifice diameter (Table 1) , the values of the measured fuel spray cone angle at rail pressure of 100 MPa differ by 3.0 • . At rail pressures of 130 and 165 MPa, the angle difference is 4.0 • and 3.5 • . Large-angle fuel sprays are also injected from nozzle orifices 1, 2 and 7, 8. However, the length of these sprays from the nozzle 2 is slightly different from the others. The average values of fuel spray cone angle are given in Table 6 . Here it can be seen that at all values of the rail pressure, in the nozzle 2 there are larger cone angles (from 2.65% to 11.9%). Taking into account the fact that the development of fuel sprays in the nozzle 2 is slightly less, we can expect an increase in the volume occupied by the fuel in the Hesselman-type combustion chamber and an improvement in the mixture formation and combustion.
The use of increased diameters of the nozzle orifices in the injector 2 leads to a significant increase of the diesel fuel mass delivery per cycle (from 6.7% to 13.7%) ( Table 5 ). That is, in the increased volume of fuel sprays there is a greater amount of fuel. To reduce the injected fuel quantity, it is enough to reduce control pulse width to the Common Rail diesel injector. Experimental studies have shown that in this case, the dynamics of development of fuel sprays practically does not decrease. However, in order to clarify the ratio of fuel and air and its effect on the operating process of a diesel engine with an inclined injector position, additional studies of the processes of mixture formation and combustion on a real diesel engine are necessary. 
Conclusions
In this paper, a diesel electromagnetic injector with two eight-hole nozzles was investigated: Nozzle 1 with identical orifices diameter of 0.30 mm and nozzle 2 with four orifices of the same diameter of 0.30 mm and four orifices of enlarged diameters. In order to realize fuel injection visualization, a constant volume chamber with a diameter of 150 mm was designed. The chamber allows observation of the complete fuel spray pattern of the diesel injectors. Fuel was injected at common rail pressure from 100 to 165 MPa and the duration of electric injector control pulse 1.5 ms. The obtained results can be summarized as follows:
-Delay in the start of the fuel injection process from the initial moment of the electric impulse controlling the injector, regardless of rail pressure, was about 0.3 ms; -Delay in the end of the fuel injection process from the end of the electric impulse controlling the injector, regardless of rail pressure, was about 1.0 ms; -Duration of the fuel injection process is usually 0.7 ms longer than the duration of the electric impulse controlling the injector; -At nozzle 1, the fuel sprays develop differently: The sprays from nozzles 4 and 5 have the greatest penetration length; the difference of spray penetration length with other nozzles reaches 10-15 mm and persists until it touches the chamber wall; -At nozzle 2, the fuel sprays develop more evenly: The greatest difference in spray penetration length of nozzles 4 and 5 with others is no more than 3-5 mm; -Average development rate of the fuel sprays of the nozzle 2 at a rail pressure of 100 MPa is 3 m/s less than that of the nozzle 1 (31 and 34 m/s, respectively), but as the pressure rises to 165 MPa, the velocities equalize and are about 40 m/s; -
The measured fuel spray cone angles from the nozzle orifices 1, 2, 7, and 8 are usually larger than the angles from the other orifices: For nozzle 1, this difference is from 0.5 When the injector is inclined and the diameters of the nozzle orifices are same, the distribution of fuel over the combustion chamber is uneven. Differential increase in the diameters of nozzle orifices, the axes of which are maximally deviated from the injector axis, will reduce this irregularity and improve the processes of mixing in a diesel engine with the Hesselman combustion chamber. The use of diesel injectors with such nozzles will improve the combustion efficiency and improve the environmental performance of the diesel engine. 
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Energies 2019, 12, x FOR PEER REVIEW 13 of 18 -Delay in the end of the fuel injection process from the end of the electric impulse controlling the injector, regardless of rail pressure, was about 1.0 ms; -Duration of the fuel injection process is usually 0.7 ms longer than the duration of the electric impulse controlling the injector; -At nozzle 1, the fuel sprays develop differently: The sprays from nozzles 4 and 5 have the greatest penetration length; the difference of spray penetration length with other nozzles reaches 10-15 mm and persists until it touches the chamber wall; -At nozzle 2, the fuel sprays develop more evenly: The greatest difference in spray penetration length of nozzles 4 and 5 with others is no more than 3-5 mm; -Average development rate of the fuel sprays of the nozzle 2 at a rail pressure of 100 MPa is 3 m/s less than that of the nozzle 1 (31 and 34 m/s, respectively), but as the pressure rises to 165 MPa, the velocities equalize and are about 40 m/s; -
The measured fuel spray cone angles from the nozzle orifices 1, 2, 7, and 8 are usually larger than the angles from the other orifices: For nozzle 1, this difference is from 0.5° to 1.5°, and for nozzle 2 it reaches 3.0-4.0°; -With increase in rail pressure from 100 to 165 MPa, the fuel spray cone angles of the nozzle 1 decrease from 20-22° to 18-18.5°, by an average of 13.6%. The fuel spray cone angles of the nozzle 2 are reduced from 20-24° to [19] [20] [21] [22] .5°, by an average of 5.7%.
When the injector is inclined and the diameters of the nozzle orifices are same, the distribution of fuel over the combustion chamber is uneven. Differential increase in the diameters of nozzle orifices, the axes of which are maximally deviated from the injector axis, will reduce this irregularity and improve the processes of mixing in a diesel engine with the Hesselman combustion chamber. The use of diesel injectors with such nozzles will improve the combustion efficiency and improve the environmental performance of the diesel engine. 
